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Introduction

There is a growing need for the ability to perform mechanical analysis of

microelectronic devices, both in assuring structural reliability against failure of thin film

layers, and in evaluating the effects of various external loads including temperature and

humidity effects. In addition, with the development of increasingly sophisticated

micromechanical devices, including microsensors, pumps, valves, and micromotors, and

with the increasing performance demands being placed on these devices, notably in the

precision and accuracy of microsensors, there is a critical need for computer-aided-design

(CAD) tools whi,h will permit rational design of these devices. The present program is

directed towards creation of a suitable CAD environment for micromechanical analysis of

microfabricated deformable structures utilized for measuring the mechanical properties of

thin films, and sta:ic analysis of which can be utilized for reliability investigations.

There are two fundamental problems that confront the designer [*,*-]: (1) the need to

construct a three- dimensional solid model from a description of the mask set and process

sequence to be used in fabrication of a micromechanical device; and (2) the need to be able

to predict the mechanical properties of each of the constituent materials in a device,

including possible process dependences of these properties. With such a 3-D model in

hand, with appropriate properties for each material, prediction of mechanical behavior

could be done with existing finite-element modeling (FEM) programs. However, at the

present time, there is no CAD system, either mechanical or microelectronic, which

successfully addresses these problems in a coherent way. Koppelman [**] has developed

a program called OYSTER which permits construction of a 3-D polyhedral-based solid

model from a mask set and primitive process description, but as yet, there is no provision

for linking to FEM tools or to standardly used layout and process modeling tools, and no

database for prediction of mechanical properties from the process sequence.
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An architecture for a micro-electro-mechanical CAD system in which these two

critical problem areas can be the focus of simultaneous and parallel development work is

presented in Fig. 1. The basic idea is to provide three different levels of user interaction:

(1) at the conventional microelectronic level, with access to mask layout and process

specification; (2) at the mechanical CAD level, for direct construction of 3-D solid models

which can then be analyzed with FEM; and (3) at the mechanical-property database level,

for entry of mechanical property data as it is acquired and documented. There are then two

specific development tasks: (1) development of a 3-D solid modeling tool, which we call

the "structure simulator", and which takes mask layout data and a realistic process

description and builds a 3-D solid model in a format compatible with the mechanical CAD

system (an extension of what OYSTER now does); and (2) the development of a

mechanical property database using iterative measurements on deformable

micromechanical structures (such as diaphragms, beams, and resonant structures) together

with careful FEM studies of the dependence of their behavior on mechanical properties.

We have implemented this architecture in a Sun 4 host, drawing on existing codes

wherever possible. The primary interface for mechanical modeling is through PATRAN,

a mechanical CAD package which provides for manual construction of 3-D solid models,

graphical display, and interfacing with FEM packages (we are using ABAQUS). The 3-D

solid model resides in the PATRAN Neutral File, and we have elected to '%se the material-

property format of the Neutral File as a first version of the Mechanical Property Database.

Layout is provided through KIC, and process description through the process-flow

representation (PFR) is created with a standard text editor. SUPREM m and SAMPLE

are installed to provide depth and cross-sectional modeling capabilities. The structure

simulator (under development) will accept KIC and PFR files as input, draw on SUPREM
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III and SAMPLE as needed, and will output a 3-D solid model in the format of the

PATRAN Neutral File. PATRAN will then be able to pick up the model, provide for

FEM analysis and graphical display of behavior. The present status is that all of the

commercially available codes (solid boxes in Fig. 1) are installed and operating. The first

entries into the Mechanical Property Database have been made for silicon dioxide and

silicon nitride as a result of the literature review enclosed.

This document is the result of a computerized literature search (done at MIT CLSS) to

loacte published mechanical property data for silicon dioxide, SiO 2 . Investigating some

120+ references, a group of 45 was selected and the mechanical properties of SiO2 were

extracted under both thermal growth and chemical vapor deposition (CVD). The cited

values were arranged by different mechanical property headings, and then by the

deposition methods as subheadings. The boldface values indicate results of experimental

measurements (from references), and the italic value, correspond to when a reference cites

results from other references without measurements, or when no reference experiment

was indicated to support the cited values. Most values were traced to their original

measurement (experiment) when possible. Averages of the cited properties have been

entered in our mechanical property database.
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1 Young's Modulus

1.1 Thermal Oxide

* 50 GPa, [31 oxide grown from 550' C to 10000 C.

* 100 GPa, [5].

* 70 GPa, [18].

* 66 GPa [27] for dry oxide grown between 875' C and 12000 C on (100) and (111)
oriented Si.

* 76 GPa, (34].

* 57 GPa [36] for wet oxide grown at 9600 C.

* 67 GPa [36] for dr,* oxide grown at 960' C.

* 11ox 105 psi [381.

1.2 PECVD Oxide

No values obtained for the Young's Modulus, E, of PECVD SiO 2



2 Poisson's Ratio

2.1 Thermal Oxide

* 0.15 [3], for oxide grown between 550 - C and 1000'

* 0.20 [181. no conditions available,

* 0.17 [21 ]. no conditions availabe.

* 0.164 [34]. no conditions abailable.

2.2 PECVD Oxide

No data was retrieved for the Poi,.zson's ratio of PECVD silicon oxide,

2.3 Bulk Oxide

* 0.18 [27].



3 Biaxial Modulus

3.1 Thermal ()hide

* 100 GPa 114]

* 63.3 GPa [30] for oxide grown at 1200- C

* 70 GPa [36] for steam oxide

* 82 GPa [361 for dry oxide

3.2 PECN D (xide

e Biaxial modulus variant with precursor gas ratio.

s -.. *ce A'pc ZS

4-

E= ,,: -

4

21.1

0 3 6 9 2 '

Conditions:
SuhstrateN: Glass;. Steel. and Quart7
Temperature : C
Pressure :500 5Torr



Rf Frequency : 13.56 Mi-z
Rf Power Den, itv ' 0.02W cm 2

* 42 GPa 123) for the conditions inmmediately ahove . when gas ratio excecd, 5

* Biaxial modulus variant with deposition temperature

Deposition Temperature, 0 C Biaxial Modulus, GPa
250 42
200 42
150 40
100 43

Data reproduced from (231

Conditions :
N,O flow: 165 sccm
NO/SiH4 ratio : 12:1
Pressure : 500 mTorr
Temperature : variable
Rf frequency :13.56 MHz
Power Density • 0.02 W cm 2

Substrates : glass. steel, quartz

.46.6 GPa and 51.5 GPa.

Thii data collected from (30].

Conditions:
Temperature : 250' C
Pressure :n/a
Rf frequency : n/a
Rf Power: n/a
SiH 4 (5 % in Ar) : 100 c min-

02: 10 cc min"!

N2 flow : 4000 cc mm -

Substrates: Si and GaAs



975 CGPa CVD-SiO, deposited at 490 A/min

100 GPa CVD SiO,, deposited at 1900 A/mmni

Data collected from [37).

Conditions:
Temperature :450' C
Substrate: (I 11) Si
Reagents SiH 4 and 0.
Pressure n/a:
Deposition rates : 490A/min & l900Ai'min.

3.3 Bulk Ox~ide

88 GPa (151.



4 Density

4.1 Thermal (\ides

* Density versus oxidation temperature and pressure for several samples of dry oxidc

Growth Temperature, Pressure, Densitr'.
° C atm C-
800 1 2.47
800 1 2.42
800 500 2.41
1000 500 2.35
1000 1 2.26

"bi% dala collected from I8].

Conditions :
Substrates: (111) and (1IXh Si
Ambient : pure d-' 0,. for low pressure. ultradr" for high pressure
Initial oxidation for high-pressure oxides : 10000 C. ultra(r-v O.- for a thickness of I nni

* 2.38 g cm 3 [10] for dry oxide grown at 500atmn. 800' C

* 2.26 g cm "3 [10] for dry oxide grown at latm, 10000 C

* 2.208 g cm "3 [22] for dry oxide grown at 11500 C

* 2.268 g cm "3 [22] for dry oxide grown at 7000 C

* Density varying with oxidation temperature, for dry oxide.

Temperature. Density,

600* 2.286
700* 2.,65
750 2.257
800 2.253
900 2.236
1000 2.224
1150 2.208
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This data collected from 135).

o The results of anneals on higher density SiO, films.

Anneal Density, g cm 3

None 2.265
N2 20 min, at 10000 C 2.209
N, 16 hr, at 6000 C 2.209
None 2.270
N, 16 hr, at 7000 C 2.260
N2 H20, 20 hr, 7000 C 2.220

This data collected from [35].

Conditions:
Oxidation Temperature : 700' C
Pressure : 5000 psi
Ambient : Dry 0,

o 2.2 g cm "3 for wet oxide grown at 960' C [36]

* * 2.25 g cm 3 for dry oxide grown at 9600 C [36)

4.2 PECVD Oxide

* Effects of gas flow rate and annealing on oxide density

Gas Flow Rate p p*
(SCCM) (RC 3)cm'

3 2.09 2.22
1 2.07 2.24

0.7 2.07 2.26
0.6 2.02 2.28
05. 1.98 2.30

Films annealed at !100 C for 30 mm in N2 ambient

These values collecwd from 120].
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Conditions:
SiH 4 k1.5 % in Ar) flow rate 0.3 sccm
02 flow rate variable
Temperature 350' C

Pressure : 1.5 Tort
Rf frequency: 13.562 MHz
Rf Power : 50W.

Density varying with gas ratio

24 3 6 9 12 .5 iB 2

UZ2 N20/SM,

E 2 -

This data reproduced from [23].

Conditions :
Substrates: Glass, Steel, and Quartz
Temperature : 250* C
Pressure : 500 mTorr

Rf Frequency : 3.56 MHz
Rf Power Density : 0.02W cn 2

N20 Flow: 165 sccm
Sil- 4 Flow : variable, to suit gas rato (see above)

* Density varying with deposition temperature.

)1 2.6,'

2.4-

0 2.2

100 200 300

Ti, dat reprduced 129). Tdcp ( 0C)

Conditons:
Temperature : variable
Pressure : I Tort
Gas Ratio, N20 / Si 4 : 65
Rf frequency : 13.56 MHz

Rf Power : 24W.



1.97 (+/- 0.02) g cm- 3 [321

Conditions
N,OI/SiH4 ratio: 12:1
Temperature :vaiable

4.3 Bulk Oxide

2.2 g cm-3 , (33] at temperature = 300K



C (oefficient o~f Thermal [~pansion

5.1 Thermial (h~ide

* 6 x107TC [141.

* 3.1 10-7 - C-1 [221 dry grown from 950 - 1 150~' C.

*(- 5 ,W C-1 (30] for oxide grow-.n at 1200" C

*6 10,7 c C- [38] for dry oxide grown at 12000 C

*Thermnal expansion coefficient vs. tempetrature

'00 2-0 3:)0 4:: ~ c:*-

Thin data reproduced from [4Z].

Conditions :
Oxidation Temperature :1050* C
Measurement Temperature : see above
Oxidatien Pressure :n/a
Ambient : Steam
Substrate : (100) oriented Si
Film Thickness : 4000A



II

".2 PEC'D (hide

e Coefficient of thermal expansion. ct, variant with ga' ratio

z 0

Z

-t- 5 -..

* 7\C: 3f.EPzC Z 4t

Z N
4 - 2-" ___

Z 2
S "  - - -

3 6 9 :2 t

S -2

.4

Data re ,-,duced from 1:1I

Condition- for PECVD
Precursor gaqes : SiH. and NO
Substrates : quartz. steel. and glass
Temperature • 250: C
Pressure : 500 mTorr
Rf frequency : 13.56 MHz
Rf Power Density : 0.02 W cm-
Total Gas flow: 200 sccm.

o Measurements of thermal expansion coefficients for varying depoqition
temperatures

Deposition Temperature. C ot. x 10-(, C 1

250 2.3
200 2.6

150 2.2
100 2.2

This data reproduced from [241

Conditions :
N,O flow: 165 sccm
NO/SiH ratio 12 1
Pressure 500 mTorr
Temperature vanable



Rf frequency : 13.56 N!fl-z
Power Density : 0.02 W cm-

Substrates : glass, steel. quanz.

3.9- 4.1 x 10.6 0 C-1 [30]

Conditions .
Temperature : 250 C
SiH 4 (5 % in Ar) : 100 cc min 1

0, flow: 10 cc min "'

N, flow : 4000 cc min-

5.5~ 10-7 o C-1 [37]

Conditions:
Temperature : 4500 C
Substrate : ( 11) Si
Reagents : Sil 4 and 0,
Pressure : n/a:
Deposition rates : 490A/min & 1900A/min.

5.3 Bulk Oxide

*5.2 v 10-7 o C-I [15].

0
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6 Thermal Conductivity

6.1 Thermal ()ide

No values obtained for thermal oxide.

6.2 PECVD Oxide

No values obtained for PECVD oxide.

6.3 Btilk Sio,

Coefficient of thennal conductivity fnr bulk SiO. variant with temperature.

-' t. .. . ,:. . . '- ---

,/-... ,,,..

T' 04AMOND~

SI YPE II1

.~ O/ . .. . . . ,,,/,.
- -A-

C 100 S00 1000

) This data reproduced from [331.



7 Stress

7. I ri.umnl ()ide

* 600 MPa, 131 oxide grown at 7000 C.

* Schematic distribution of stress in the oxide film and its substrate.

: • 2... I J3 CY25,'.

- 1 --------

Thix data reproduced from (6[,

Conditons:
Oxidation Temperature :12001 C

Growth Substrate : 2-6 fl.cm p.type ( 111)I Si

AnneA : 4(XI" C. in N. and H. Annealing Duratinn : n/a

I



Calculated stress in Sio., variant with oxidation temperature.

Thisi dsts repwoduced finm JAI.

Condirion,
Substrirle :2.6 f2-cm p-type (I II Si
Anneal :4( 0 C. in N, and H,. duration n/a

*Calculated variation of stress with oxide thickness

~-29

Thim dots ftproduced from (6).

Condiions:
Growth Temperature: 12000 C
Substrate -2.6 (-cm p-type (I 11) Si
AnnealI 40Q0* C. in N, and H,. duration n/a



*Calculated variation of stress with qubqtrate thickness

*2 er

4 2 6 2 0

This dais reproduced from JAI,

Conditions:
Growth Temperature-: 12(K C.
Substrate; 2-6 £0-cm p-type (I111) Si
Anneal - 4000 C. in N., and H2. duration n/a

9 Residual Stress Measurements for Pressure-Ox ides, and Normal 1 atm Oxide.

Sample Type Stress, MPa
Pressure Oxide.
500 atm, 800* C 150

-100

20)

400
290

Average: 310

Controls,
I atm, 100011C 410

420

This dais collected from (8).

Conditions:
Sustra tes : (100) and (I 11)S$i
H.,O content :I ppm



* 350 MPa [9]. average compre-sive sress at room temperature for dry- oxides grown
at 1000' C

* 3 10 - 3.40 NIPa [11]I. averaFcc COMPr Cs'ive stre, for dn- oxide grwon at 500 atlm.
800C C.

* Intrinsic stress variant with film thickness.

~OO3 ~ .~mtaeuOxidation Temperature

U 701o, c Z>

son, C or-

I-)

S-2-

C~5 22 0Z 50 Boo 1000

Thrq data reproduced from j(2 I ~ E IKNS

Conditions:
Substrate ( 100 1 p-qTie Si
Oxidation Ambient: dry~ 0, with <5 ppm H,0 and <0O.5 ppm hydrocarbons.



* Intrinsic stress variant with film thickness for etched oxide.

6L

SOxidation Temperaturci

- - I"700C t:3
: 8700. C O

o- C

,, 2x7, ,=00 6.00 Boo 1000

OX:Z)E T-I .KNES$ ;A'

Thit dau reproduced from [121.

Conditions:
Substrate (100) p-type Si
Oxidation Ambient : dry O with <5 ppm HO and <0.5 ppm
Etching : in HF solution, (NH4:HF 50:1) hydrocarbons.

.450 MPa. [12] maximum stress for a limit of a film with zero thickness.

* Total stress for dry oxides grown on two Si substrates at different temperatures.

Substrate Temperature, C Total Stress, MPa
p+ 10- £"cm Si 850 150
p+ 10.2 fcm Si 1090 290

p 1 Qcm Si 850 8)
p 1 Q"cm Si 1090 260

Thi data collected from 1131.



Stress var-'ng with oxidation temperature for four Si orientations.

E

0 . -4- 00U, 10-1101

c-

?0C Boo 90C 190c: 1100

SEMPEMA T jQE -C:

00
Dim data reproduced from [I 1.

Conditions;:
Ambient dry 0.. with <5 ppm HIO. and <0.5 ppm hydrocarbons
P~r.sure I aim



• Stresq varying with oxidation temperaturc for (100) Si.

ti
a

" -4 Il01 l-SI - li0 'f 0

0UEA

Iz

00

700 Boo 900 1000 11tOO

TEMlPERATURE ('C)

Thi- data reproduced from I15I

Conditions :
Ambient (tdi)' 0, . with <5 ppm HO. And <0.5 pprn hydrocarbon.

pressur6" I aim
Annealed : 10000 C. in N,

9 Stress varying with oxidation temperature for (J111) Si.

"-4' *tlS *l - i Z .

U -- o,- a" 01
" " 0 me? o

0

Uj

- 0

700 B00 t00 1000 100

TEMPERATUE VC)

Thtis data reproduced from 1151.

Conditions:
Ambient : dry 0, with <5 ppm H20. and <0.5 ppm hydrnarbons
Pessure : I atm
Annealed: I 0000 C. in N.

-U -.- o

0 ED

c nh

0

=0

0l

I?00 BOO 900 1000 11t0

TEMIRATURE t'C3

Thei data reproduced from i I.)

Conditions :
Ambient :dry 0 2. with <5 ppm H2 0. and <0.5 ppmn hydrocarbons

,! Pressure : l atm
:i Annealed : 10000P C. in N:

]4



* Stress varying with oxidation temperature "or dry oxide.

E

IC$r 2 2' Maximum Stress
ITlermal Stress

2 Mininum Stress

8 I I
800 # 100.r0

T(;

This data reproduced from (211.

Conditions n/a.

* Stress distribution over the thickness for dry oxide.

7I
Ce 3

0

0 az 4 OC 09

This data reprodueed from 1211.

Conditions: n/a.



e Intrinsic and thenmal stresses varying with oxid'ntion temperature for dry oxide.

.V Thermal Stress
J 2 Intrinsic Stress

- ?-~ ,7 "0'! ,...

Thik data reprduced from (2 11.

Condidons: n/a.

* Stress measurements from beam experinent.

45.

0, AVERAGE

U

"II

z. T
0* 30 Iji

n2.5

20

900 1000 -10 200
OXYGEN TEMPERATURE *C

This data reproduced from [271.

Conditions:
Substrates : (111) and (100) - oriented Si
Oxidation:Dry
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* Stress measurements from balloon experiment.

0 A-E[ASEE ,
) '

*,0

Cx'GrN TsPC ATURt - "

This data reproduced from 127).

Substrates (111) and (100) - oriented Si
Oxidation Dry

* Stress vs. strain for typical oxide balloon

X

'0 X

o /

/
4 .x

Si
30 32 34 36 35 40 42 44

Substrates (I11) and (100) - oriented Si sTAfM (10
- )

Oxidation. Dry
This data reproduced from 127].

e 340 MPa [30] measured at room temp., grown at 7000 C.

* 400 MPa compressive [35], grown at 700' C.

* 50 MPa tensile [35]. grown at 1150' C.
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* 220 -360 MPa compressive. [37] measured at room temp., grown at 11000 C.

* Total film stress, measured at room temperature, vs. oxide thickness

IC (100) Si-SiO2  Tox ': -

*.. 900
I -I-- 999

E -a.- 1095

01 -5-.
I / \

U, /
To

,)

LI.
0-

0 3000 6000 9000 2C

This data reproduced from (41]. OX -E T-HCKNEES (A)

Conditions:
Oxidation Temperature : see above.
Oxidation Pressure : 1 atm
Ambient : Dry 02
Substrate : p-type (100) oriented Si

0
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Components of stress vs. Intrinsic stress vs.

oxidation temperature oxidation temperature

\"0OO' 

S'-SiC2-4- ''A r:- STRESS
E = z EQMA--EXPANS::.. STRESS

0 0 340 at.

0 0

z

2 + BO 10,00 '2:

ICI-IOX13ATIDN TEMPERATURE (0.
*fli-. daLa reproduced from [4 1[

Conditions For Both Graphs:
Oxidation Temperature : see above
Measurement Temperature : room temperature
Oxidation Pressure :I atm (unless otherwise specified)
Ambient: Dry 0,
Substrate : p-type 3100) oriented Si

*Stress vs. temperature

S'O21"5

4"-2. Q
E

~~~o l0 30 0 500 1000 1100
TEmPERATURE (IC)



Tnu' data reproduced from 142)

Cnnditdonq-

Oxidation Temperature : 10500 C0
Mcasurement Temperature :see above
Oxidafion Pressure :n/a
Ambient: Steam
Substrate : (100) oriented Si
Film Thickness :4000A

Change in curvature induced by stress, vs. oxide thickness

YY a

* 0

I A :aW AC-. A V .:

nix ata eproucedfromf44)

Dahefie epesnt te xpctd uratr cine orSi,.m..%leelof70M[a

Codiions

Oxdto Tepraue seaov

miet we 0,6

Sutae -n rerI et the exdpecte cuvauI ch1)g for (100) Sieslee f 0

Meium ent Tkempeatr 400.0tmp



* Interfacial stress at room temperature for various substrates.

P20 5  Direction of Si Stress,
Diffusion Stress Measurement Orientation MPa
No (110) (111) 47
No (211) (111) 450
Yes (110) (111) 250
No (110) (110) 390
No (100) (110) 390
Yes (110) (110) 260
No (110) (100) 400
No (110) (100) 380
Yes (110) (100) 240

This data reproduced from 1451.

Conditions :
Oxidation Temperature : 1200' C
Measurement Temperature : room temperature>
Oxidation Pressure : n/a
Ambient : wet 0, (dew point temperature 900 C)
Substrate :5 0l-cm (111). (110). and (100) Si
Film Thickness : 8400A
P,5 Diffusion : in N, for 30 mi. at 920' C

* Oxide stress at room temperature for quickly and slowly cooled films

Sample Type and Cooling Film Stress, MPa
Dry Oxide
Slowly Cooled 270
Quickly Cooled 370

Wet Oxide
Slowly Cooled 160
Quickly Cooled 280

Thi data repodce from (45.

Conditions :
Oxidation Temperature : 12000 C
Measurement Temperature : room temperature
Measurement Direction: ( 10) direction
Oxidation Pressure : /a
Ambient : wet oxide, dew point temperature = 90' C

dry oxide, dew point temperature -401 C
Substrate : (110) - oriented P-doped Si. Film Thickness: 8600-9200A
Cooling Duration: for quick cooling, immediate exposure to air



Cooling Duration : for quick cooling, immediate exposure to air

for slow cooling, duration = 5hr

* Oxide stress at room temperature for various doping levels of Si

Slice Resistivity. Doping Level. Oxide Stress.
92-cm cm A MPa
1000 4x12 280
5-10 8.5x 101 4 -4x101 4  270
0.37 1.6x10 16  200
0.035 4.5x10 17  260
0.0015 5.5X10 19  300

This dafa reproduced from [451.

Conditions "
Oxidation Temperature : 1200' C

Measurement Temperature : room temperature
Mea-surement Direction : (200) direction

Oxidation Pressure " n/a
Ambient " wet oxide. dew point temperature = 90' C
Substrate • (I 1) - oriented P-doped Si. Film Thickness " 9200A



7.2 PECN*D Oxide

*Stress varying w~ith temperature (not oxidation temnperature).

S21 OC A

00

2-56c%

1 1
z

100 200 300 400

Tmem, C

Thi data reproduced from f 14).



*Thermally induced stress in the oxide. as a function of the measured temperature.

40 -

O(POSiT-'N IEE R&TvRE Z5C*

30

0 5C 40 5C 6C 7C0 8C 9C 0C
TEMPERATuRE *C:

This data reproduced from 1231 and [241

Condi tions:
Temperature : 2500 C
Pressure :500 mTorr
N,O /SiH-4 : 12:1
Total gas flow rate : 200 sccm
Rf frequency : 13.56 Mi-z
Rf Power Density : 0.02 W cm-Z
Substrates : quartz. steel, glass.

*Tension in the film as a function of film thickness.

100~-

9cr

80-

~60L.
I.. T

t 50- T

40-
L 0 N2 0/S.9- * 2 1

Z30 DEPOSIMON TEMP - 250Cr
_ VMEASUREMENT TEMP -EEOC

z 20-

2 3 4 5 6 ' e 9 C
C _V TC'<ESS ~Jr

Thi% dia rer-duced fr,,n, 1241



Conditions
Teniper.Iture 2500 C
Pres;sure .500( rnTorr
Rf frt'qucncy 13.56 NfH7
Rf Power Densitv 0.02 W cm-2

NO /SiH 4 : 12.1
SIH 4 flow rate :2.00 sccm
Substrates :glass. steel. quartz

*Stress in a CVD SiO-, film as a function of temperature.

Air DryAir

F 2.2

2.0- 2.0-

E /

C

2 1.6-

S1.4 - 14-

1 2 rA1.2-

1.0 25 54) 75 100 125 0. 25 50) 75 100 125

TEMPERATUR~E C)TEMPERATURE (cC)

Thtc data reproduced from [Y)].

Conditions :
Deposition Temperature : 250' C
SilH4 (5%7- in Art flow:100 cc/min
0, flow :10 cc/min
N, flow : 4000 cc/min
Deposition Thickness 0.65 pm
Substrates: GaAs and Si
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e Time variation of stress in CVD SiO 2

Kept in air, 49% rel. humid., Kept in dry' N,, upon exposure

exposure to a dry N, to air, 60% RH, at 220 C.

ambient at 220 C.

0.8, 1.0,

07- d 0 -

E.O

0, 6

2 L
0.1-

0.34,-- 
0.4 )P

3.0 
0.0

0.0 0.2 04 0.6 0.8 1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9 0 10.0

TIME AT 22'C (hours) TIME AT 22'C (hours)

This data reproduced from 130).

Conditions :
Deposition Temperature : 2500 C

SiH4 (5% in AT) flow: 10C cc/min
0, flow: 10 cc/min

N, flow : 4000 cc/min
Depositoin Thickness : 0.65 li.m

Substrates : GaAs and Si



YT)- m 1 l5 C) a,, a function of temperature.

Solid curves represent calculated values. Measurements done in vacuum.

04

-0.2-

-0.4
-200 -150 -1010 -50 0 5o 100 150

TEMPERATURE ('C)

T'hi, daia reprnduced frnm J301.

Conditions
Deposition Temnperature : '-W C
SiH 4 (517 in Al) flow :100 cc/min
0, flow: 10 cc/min
N, flow : 40(X) cc,'rn
Deposition Thickness 0.47 pm
Substrates : GaAs and Si



* Time varng stress for a CVD SiO 2 fdrn. previously kept in air. 48-c RH. at 2l'- C.
upon exposure to 40 prn Hg

05

04-

03-
N 02-
" 0.1-

" 0.0, -

S-01-S--o.2-

I -0.3-
g- -o.4- -

-0.5-'

-0.7
-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

TIME AT 21'C (hrsl

Thi, data reproduced from 130'1.

Conditions :
Deposition Temperature :250' C
SiH 4 (517 in Ar-, flow :100 cc/min
0, flow I u cc/min

N, flow 40(X) cc/mm
Deposition Thickness 0 47 pm
Substrates : GaAs

* Stress change in CVD SiO, after heat treatnents.

z

10 2 912,

0 2 I0 200 1010

OLURATION OF E.AT T:EAMPr I Wl,

"rlith data reproduced from 137).

Conditions:
Deposition Temperature: 400' C - 4500 C
Deposition Pressure : n/I
Reagent : SiH 4
Substrmte' ( 1) St. 200pm thick
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H-eat Treatment Temperature :see above

*Stress in CVI) films vs. ambient temperature

ACDBSG I e*" ,*C- 9!

C A/

AMBIENT TEMiPERATURE (*C)

This data reproduced from [37).

Conditions :
Deposition Temperature : 4000 C - 450' C
Deposition Pressure : n/I
Reagent : SiH4
Substrate: (I111) Si, 200pm thick

*Stress in CVI) S10 2 films vs. deposition rate

Deposition Rate Stress after Intrinsic
( mi)Deposition, MPa Stress, MN a

1900 A/min 220 370
490 A/mmLi 170 240

This data collhcld frwm 1371.

Deposition Temperature :400" C - 450' C
Deposition Pressure: n/ I
Reagent: SiH4
Substrate :(I11) Si, 200pim thick
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* Stress change of CVD SiO1  film after various treatments.

21S-- C E

- -, ER- 7

C POS,, ' "-ATMEN- Ex=Sg,0v TO

This data collected from 137]. X " 9 N 5

EXPO S,6E T C'-.ZE0WX"E ExPO.%VE T

:-HE tAN4E, A4 cMBIw

Conditions:
Deposition Temperature : 4000 C. 4500 C
Deposition Pressure : n/l
Reagent : SiH 4

Substrate : (111) Si, 2 00Mm thick
Film Thickness : see above

* Temperature dependence of CVD SiO, stress on Si

4

SILOX SIOZ iS* OIO
0 HEATING

4 SLOW COOLING ... A C

.2

0 00 200 300 400 500

TEtMPE'RATUREr (*C)

This data reproduced from [42]

Conditi ons -.
Deposition Temperature : 480' C
Deposition Pressure : r/a
Reagents : SiH4 and 0,
Film Thickness:• 6000A

/O



8 Stress Relaxation Time

8.1 Thermal Oxide

e Stress relaxation time variant with temperature.

Temperature. ° C Stress Relaxation Time, hr-
800 > 1000
900 >1000
950
1000 -25-60
1050 -6-20
1100 -1-3
1180 <<0.3

Thim data cnilected frrom [5

Condtions :
Oxidation Temperature: see above
Oxidation Pressure: n/a.
Ambient : dry oxide.

* Stress relaxation time variant with temperature.

Temperature. C C Stress Relaxation Time, hrs
700 5278
800 175
1000 0.2

Thiq data collected from 112).

Conditions :
Substrate: (100) p-type Si
Oxidation Ambient: dry 02 with <5 ppm H.O and <0.5 ppm hydrocarbons.
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Stress relaxation time variant with temperature.

Temperature. ' C Stress Relaxation Time, hr-
800 1 0
900 21
1000 0.2
1100 (10 seconds)

Thi% data collecied from 135].

Conditions:
Oxidanon Temperature : see above
Pressure: I atm
Substrate : I1I) and (IM00 oriented Si crystals

8.2 PECVD Oxide

No information available for PECVD oxide films.

8.3 Bulk Oxide

* Stress Relaxation times for I. R. Vitreosil.

Temperature, 0 C "thrs.
900 >50.000
1000 >1000
1100 170
1200 24
1300 6
1400 2

Thui, data collected from 1391.



9 Viscosih

9. I Thermal ( )ide

Viscosity variant with temperature.

Temperature, ' C Stress Relaxation Time. hr-
800 >>101

900 > 1018
950 1018

1000 7x 1016

1050 6\ 1015

1100 5x1014

1180 -013

Thi- data cnllrcted frrm [ )

Condtion,;
Oxidauon Temperatre see above
Oxidation Pressure nia.
Ambient : dry oxide.

e Viscosity (Poise). as a function of temperature.

a I

,. 3 C

qd v- 1

,,C ' 3",I c. hJB '

"rhtL~ da repr, huced ftnm I~ml



Conditions

Oxidation Tewmperature I 100 C
Oxidatuon Ambient : steam
Subtr'ate standlrd n-rype P-doped 1 O-cm Si .afers of 1100) onentatton

9.2 PEC\'D Oxide

No information available for PECVD Oxides.

9.3 Bulk Oxide

Equilibrium viscosities for different types of vitreous silica.

A

-0

9 ...

6 .

Reciprocal of absolute temperature x 10'

. IR. Vitreosil
0 O-G. % i rcosi s 0 j ' °0 OH)

. .... OG. Vitreosil (004 v t. o OH)

Spectrosil

Thn dmai reprrnduced from 1101.

0



*Variation of viscosity with temperature for Vitreosil.

77

A~ Fici:%~ e e eratu-re 1000 C
Ficzi~e t ern pera t ure 100 C

SFicti~e temperature 1200 C
Fictive temperature 1300 C

C) Fictive temperature 1400 C

Thi' data reprodu..ed from 1391. qiiru scst)u-- bodslos



e Variation of Viscosity with temperature for Spectrosdl.

J4.

ST

R croca o; ab :iu..- iemetaiure x 0'

Fict;%e tempcraiure YtN: C
A~ Fic,,te temre-aure I0(X C

-Fici' ternperature 1100 C
F Fic t. e i er e a ture 12C' C
Fict,~e icirrperare 1 5(l C
Ficii~e temperature I 4W( C

Equilibrium' %jscosit' cur~c-bold symbois

Thil data reproduced from [W][



10 Refractive lnde\

10.1 Thermal ()Wide

* Refractive Index varying with oxidation temperature.

p 5 6 kg/cm 2

1.50

1.49

SC
c 148

0, 0
> 1.7

146

600 700 800 900 1000
Oxidation Temperature (9C)

This data reproduced from [I1.

Conditions :
H, / O, flow ratio : 1.8

Ambient : dry 0,
Pressure: 5.6 kg cm-2.



Refractive Index varying with oxidation pressure.

1 49.

T

• 147 "
C

• 146 I

745

0 1 2 3 1. 5 6 7 8 9 10

Oxicatoon Pressure (kg/cm 2 )

Thi- data reproduced from [ I

Conditions :

H, / 0, flow ratio: 1 18
Ambient: dn O
Pressure : 5.6 kg cm:.

* Effect of oxidation temperature and pressure on refractive index, for dry oxide.

Oxygen Pressure, (Oxidation Temperature.) Index of
atm 0 C Refraction

1 700 1.486
800 1.474
850 1.478

1 900 1.466
1000 1.465

(high pressure)
136 550
207 550 1.476
136 600 1.474
212 600 1.484
136 700 1.475
207 700 1.487
212 700 1.476
306 700 1.474
211 800 1.473

lhi'i data taken from I)
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* Index of refraction as a function of oxidation temperature.

C- -

0.': 7 9 2 ,2''

E

This data reproduced from [3].

Conditions :
Pressure: 1 atm

Ambient: dry 0.,.

* Refractive index versus anneal time for dry - oxide grown thermally on (111 ) Si at
8000 C.

14724 Anneas

~~~ '"0 C U OON2

466~~~~~~ .-. 4________ OOC N2

1 462

0 2 4 6 6 10 100 200

Time(hrs)

This data reproduced from [5].

Conditions :
Pressure : n/a.

* 1.460 for fully relaxed SiO 2 thin film. [5]

* 1.466 for an oxide, dry-grown at 1000" C. [5)



* Refractive Index values before and after relaxation.

Growth Refractive Relaxation Ref. Index
Temperature. C Index Treatment After Relaxatioln
800 1.472 nonc
800 1.472 100W C I hr N2  1.467
800 1.472 100 0 ° C 16 hr N, 1.464
800 1.472 - 1.460
1180 1.460 118O0 C40miN-,

800 " 472 none 1.460
800 1.472 1204 C 5 min 0 2
800 1.472 none 1.460
800 .472 1180 C 40 minCorona* 

1.460
1000 1.467 800° C20minO0
1000 1.467 none

Corona 1.460
1000 1.467 900" C 4 hr 0,

none

Stress relaxation performed by a Corona discharge device.

T i data taken frorn ('7.

* Refractive Index measurements for Pressure Oxide, Normal Oxide, and Low
Temperature Oxide.

Sample Type Film Thicness, nm Refractive Index
Pressure Oxide.
500 atm. 8000 C 947.6 1.476

153.3 1.475
983.0 1.473
941.1 1.473
685.7 1.475
129.8 1.478
960.0 1.475
967.2 1.467
684.6 1.477

Average:
Controls,
I atm. 10000 C 959.0 1.461

951.4 1.461
1293.0 1.462

Average: 1.461
Low Temperature Oxide,
I atm, 8000 C ... 1.468

... 1.476

WMMMM1
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Thi. data reproduced from [ j

Conditions

Sustraies : 1100) and (I I I ) Si
H.,O content : < Ippm

* 1.475 for oxide prepared at 500 atm. and 8000 C. [10]

* 1.461 for oxide prepared at 1 atm. and 10000 C. [10

* 1.462 for thermal oxide prepared at 11000 C. [1 II

* The effect of oxidation time and annealing on refractive index and film thickness

Duration of Thickness of 71 of Thickness of 1 of
Second Unannealed Unannealed Annealed Annealed
Oxidation. hr- Film, A Film Film. A Film
1 9 1.474 23 1.463
2 15 1.475 44 1.465. 4 30 1.475 83 1.465
9 78 1.474 163 1.464
19 178 1.473 267 1.464

Data taken from 1171.

Both oxidations were conducted in pure din 0-, at 800' C. The annealing was pcrfornied for I hour of

100°C in pure Ar.



Refractive Index as it depends upon density.

T (C

1 1003 900 80 750 700

DRY 02

1 471 /

/

T( x100"C

/
2 25
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~~2 20 ,

/ 27 0 28
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1 461- / *

2 20 2226 2 248

Reproduced from 1:21. 
(9 cm

3)



* Refractive Index versus deposition temperature for thermal oxides grown on t, ti
different silicon subqtrates.

(I I I Siicon (1O0) Silicon

,4!- 
147 IIC

j475

AI

L44

146C

To 941 0 16

TtMPW~jpE 9D 110C 1500
TEMPRATURE ('t

Repr duced from [.41

*Variation of refractive index with oxidation temperature for thernially grown SiO,
films.

Temperature, ° C Refractive Index
600* 1.48()
700' 1.475
750 1.473
800 1 .472
900 1.468
1000 1.465
1150 1.46 I

*These samples grown at 5000 psi 0 ,, all others at 1 atm 0,.

Reprnduced from 1"11



Index of refraction vs. oxidation temperature

-cc>

-:65 -

Th~data reproduced from [411 T ir, -E MPERA7 oPE

Conditions :
Oxidation Temperature : see above
Ambient :95' C saturated water vapor
Substrate-, : (I11) and (100) lightly doped Si



10.2 PECVD (hide

, Table of values of refractive index. and deposition parameters.

Deposition Flow Rates Deposition Refractive
Temperature, C C N2O:SiH4:He. sccm Rate. A/mi. Index

350 500:200:0 510 1.462
350 500:200:0 510 1.465
350 200:80:1000 150 1.469
350 100:40:2000 60 1.472
350 100:40:2000 60 1.46J
350 100:40:2000 50 1.471
350 100:40:2000 80 1.471
350 100:40:2000 80 1.471
350 100:40:2000 60 1.471
275 100:40:2000 60 1.474

Thik data collected from 141.

Conditions:
Temperature : see above
Pressure : I Torr
Flow Rates : see above
Rf Power: 25 W (0.03 W cm -2 )

Rf Freq. : 13.56 MHz

* Refractive Index dependent upon Deposition Temperature. Pressure. Rate. and
Anealing.

Deposition Deposition P-osition Anneal Refractive
Temperature. ° C Pressure R,.- A/rain Performed I11dex

350 1 Torr 60 No 1.471 1 +,. .001
350 1 Tort 60 Yes 1.463 (+/. 0.002)
275 1 Tort 60 No 1.473 (+. 0.012)
275 1 Tort 60 Yes 1.463 (+/- 0.012)
350 1 Ton 520 No 1.467 (+. 0.04))
350 1 Torr 520 Yes 1.463 (+. 0.003)
700 1 atm 50 No 1.444 +1. 0.001)
700 1 atm 50 Yes 1.454 (+/- 0.09PI)

Data collected from refertnce N' 4.

Deposition Conditions
Temperature : see above
Pressure : see above
N.,O / SiH ratio: 125 (for atmosphere pressure deposition only)



Rf frequcncy 1, 56 H-lz

RfPo%%er 2W 1003W cm
,

Annealing Condition,;
Temperature : 1000- C
Ambient : N,

Duration :30 min.

* 1.461 - 1.465 for oxide prepared at 500 C. 10 nTorr, Rf frequency of 0.5-3.0 MHz.

and Rf Power of 1 kW. Gas data: n/a. [16]

* Refractive index, before and after annealing for PECVD oxide.

2.5-
zs/ / 

/
2.4.

2.3- / /
2.2-

2.1- /

2.0.

" 1.9- //
1.8 /

1.8 o As-Deposited

1.7- /0 * Annealed

(1000 °C,
- 30 min, N2

1.5

1.4 1

0 0.5 1 1.5 2

SilO
Thi, data reproduced from 12n]

Deposition Conditions
Reagents: SiH 4. 0,, Air
Rf frequency : 13.562 MHz
Rf Power: 0 W
Temperature :350 C

Pressure : 1.5 Torr

SiH 4 flow : 0.3 sccrn
0, flow rate : vanable

Substrate : A].

Annealing Condinonr:
30 m. in N,. at 1(000c C



Refractive index as it varies with reagem gas ratio, for PECVD oxide

Graph reproduced from [251

Conditions.
Temperature n/a
Pressure 'r/'a
Rf frequency 13.56 MHz
Rf Power: n/a
Substrate : Si wafer
Gas ratio: variable.

* Refractive index vs. gas ratio for photo-enhanced CVD SiO,.

"'S

2 5 10 20 So v20 m

N20/S.M4 Ato

Graph reproduced from (261.

Conditions :
Sil 4 flow rate I sccrn
N20 flow rate : 70 sccm
Pressure " I mbar
Temperature : 275' C
Power density. (. I mW cm -2

N, flow rate • 30 sccm.



* Refractive index vs. gas ratio for glow-discharge deposited SiO,

48--
46-

P. 144-

1 42-. N 2 0tsH 4  oto

'40- 6 5 A 3 25

'02C 5C

SM 4  FP i (,ccm)

Graph reproduced from [29)

Condition; :
Temperature : <40' C
Pressure : 45 mTorr
Rf frequenc ' :13.56 M-z

Power Density : (2-0.5 W cm-

Reagents: NO and SiH4 .

* Refractive index vs. deposition temperature for PECVD SiO.

1 48-
LL UJ
ua 144-

r 40 

0 
140

(00 200 300
TEMPERATURE (°C)

Reproduced from [201

Conditions.
Temperature : variable
Pressure: I TorT
Gas Ratio. NO / SiH4 65
Rf frequency : 13.56 MHz
Rf Power: 24W

0
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* Refractive index vs. gas ratio for PECVD SiO,.

0 re': -*e
1760

1 16C

n 155-

0 2C . K IC 1Z 2C :0
N C/ S,NrH c

Reproduced from [31.

Conditions :
Temperature 300' C

Pressure : 53 Pa

Rf frequency : 57 kHz

Rf Power Density : 0.05 W cm 2 .

* Refractive index vs. rf power, for PECVD SiO 2.

0 co=t re~rcctve ne

n 55

10C 20C 3X 43 5C &X

RF power (W)

Reproduced from 1311.

Conditions :
Temperatum : 300° C

Pressure : 53 Pa
Rf frequency : 57 kHz

Gas Composition, N20 : 98%. SiH4 : 2%.

0



10.3 Bulk (hide

1.46 for bulk SIO,. [33]
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